Photosynthetic characteristics in rice (Oryza sativa L.) leaves were examined after treatment with low temperature (15°C) and high irradiance (1,500 µmol quanta m -2 s -1
Photosynthetic characteristics in rice (Oryza sativa L.) leaves were examined after treatment with low temperature (15°C) and high irradiance (1,500 µmol quanta m -2 s -1
). Decreases in quantum efficiencies in PSII (ΦPSII) and PSI (ΦPSI) and in the rate of CO 2 assimilation were observed with a decrease in the maximal quantum efficiency of PSII (F v /F m ) by simultaneous measurements of Chl fluorescence, P700
+ absorbance and gas exchange. The decreases in ΦPSII were most highly correlated with those in CO 2 assimilation. Although the initial (the activity immediately measured upon extraction) and total (the activity following pre-incubation with CO 2 and Mg
2+
) activities of ribulose-1,5-bisphosphate (RuBP) carboxylase/oxygenase (Rubisco) decreased slightly, the maximal activity (the activity following treatment with SO 4 2-) of Rubisco remained almost constant. These results indicate that the decrease in CO 2 assimilation rate with the decreasing F v /F m was not caused by a decrease in Rubisco activity but rather by a decrease in RuBP regeneration capacity which resulted from the decrease in the rate of the linear electron transport. On the other hand, the decrease in ΦPSI was very small and the ratio of ΦPSI to ΦPSII increased. The de-epoxidation state of xanthophyll cycle pigments also increased. Thus, the cyclic electron transport around PSI occurred in photoinhibited leaves.
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Introduction
Although light is an energy source for plant growth, light exceeding the requirements of CO 2 assimilation frequently leads to a decrease in photosynthetic activity. This phenomenon is generally termed photoinhibition (Powles 1984) , and susceptibility to this phenomenon increases under conditions of low temperatures (Powles 1984) . Although a few studies have shown that the site of photoinhibition under low temperature is PSII (Huang et al. 1989 , Kingston-Smith et al. 1997 , PSI is reported to be another site of photoinhibition, especially under the condition of low irradiance (Terashima et al. 1994 , Sonoike 1996 . On the other hand, some Calvin cycle enzymes are also inactivated. For example, Sassenrath et al. (1990) reported that the activation of fructose-1,6-bisphosphatase (FBPase) and sedoheptulose-1,7-bisphosphatase (SBPase) is inhibited by illumination at low temperatures. In addition, Sassenrath et al. (1990) and Brüggemann et al. (1992) observed that the total activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is inhibited by illumination at low temperature. Thus, since low temperature affects several key components of photosynthesis, which one is the determinant(s) for the decrease in the photosynthetic activity by photoinhibition under low temperature remains unclear.
The extent of photoinhibition is generally estimated as a decrease in the maximum quantum efficiency of PSII as shown by Chl fluorescence measurement, so-called F v /F m (for a review, see Maxwell and Johnson 2000) . Although a decrease in F v /F m is widely used as an indicator of photoinhibition, the quantitative relationship between F v /F m and the CO 2 assimilation rate is not known. Recently, Hikosaka et al. (2004) examined the relationship between F v /F m and the CO 2 assimilation rate in the photoinhibited leaves of Chenopodium album L. and reported that the CO 2 assimilation rate decreased in parallel with decreasing F v /F m . However, there have been no available data on the quantitative relationship between the decrease in F v / F m and the decrease in the activities of other photosynthetic processes such as linear and cyclic electron flows.
In this study, we examined the photosynthetic characteristics of rice leaves with low F v /F m caused by low temperature (15°C) and high irradiance (1,500 µmol quanta m -2 s -1 ) by simultaneous measurements of Chl fluorescence, P700
+ absorb-Photoinhibition in rice leaves 1378 ance and gas exchange. The activation state and maximal activity of Rubisco were also analyzed. A decrease in F v /F m was considered to show the extent of photoinhibition, and the results obtained were quantitatively compared with the decrease in F v /F m . Lastly, we examined the main determinant(s) for the loss of photosynthetic activity by photoinhibition under the conditions of low temperature and high irradiance.
Results
To obtain photoinhibited leaves with different levels of F v /F m , leaves were treated with a temperature of 15°C and light intensity of 1,500 µmol quanta m -2 s -1 for various times (0-300 min). As shown in Fig. 1 , F v /F m decreased linearly with time. In this study, we thus obtained photoinhibited leaves and used them for experiments.
Effects on CO 2 assimilation of low temperature and high irradiance We analyzed the relationship between the gas exchange data vs. F v /F m . According to the biochemical model of photosynthesis developed by Farquhar et al. (1980) , photosynthesis at low CO 2 partial pressures is limited by Rubisco capacity, whereas at high CO 2 partial pressures, it is limited by the capacity for regeneration of RuBP. To elucidate the relationship between each limiting factor and F v /F m , therefore, we measured photosynthesis at three different CO 2 partial pressures: 10, 35 and 100 Pa. At the respective CO 2 partial pressures, the rates are limited by Rubisco, by both Rubisco and RuBP regeneration and by RuBP regeneration. As F v /F m decreased, CO 2 assimilation rates decreased at all CO 2 partial pressures ( Fig. 2A) . The lack of differences in the relationships between the relative decreases in CO 2 assimilation at all CO 2 partial pressures vs. F v /F m (P < 0.05, Fig. 2B ) suggested that each limiting process of photosynthesis is inactivated in parallel with decreasing F v /F m . Since the intercellular CO 2 partial pressure (pCi) did not change (Fig. 2D) , the decrease in stomatal conductance (Fig. 2C ) with decreasing F v /F m was not a determinant for the decrease in CO 2 assimilation rates.
The electron transport rate at PSII and PSI in the photoinhibited leaves
We used two different methods for calculating the electron flow in PSI. The ΦPSI was calculated from the proportion of reduced but oxidizable P700 (∆Asat/∆Amax, Klughammer and Schreiber 1994). The J PSI was estimated from the product of the rate constant for the re-reduction kinetics of P700 + (k) and the amount of oxidized P700 (k×∆Aact/∆Amax, Clarke and Johnson 2001, Golding and Johnson 2003) . Fig. 3 shows the relationships between ΦPSII, ΦPSI, k/∆Amax and J PSI vs. F v /F m . The decrease in ΦPSII was larger than that in ΦPSI with decreasing F v /F m , and k/∆Amax and J PSI were not correlated with F v /F m . Consequently, the ratio of ΦPSI to ΦPSII and J PSI to ΦPSII increased with decreasing F v /F m (Fig. 4) . Moreover, these ratios at 10 Pa CO 2 were always higher than those at 35 and 100 Pa CO 2 . These results show that the cyclic electron transport around PSI occurred in the leaves with decreasing F v /F m and that it was stimulated under conditions of low CO 2 partial pressures. Fig. 5 shows the relationship between the deepoxidation state of xanthophyll cycle pigments [the ratio of antheraxanthin plus zeaxanthin to violaxanthin plus antherax- 
anthin plus zeaxanthin contents = (A + Z)/(V + A + Z)]) and the fraction of thermal dissipation by xanthophyll cycle (F
v /F m -F v ′/F m ′) vs. F v /F m . F v /F m -F v ′/F m ′ isv /F m -F v ′/ F m ′ decreased.
Rubisco activities in the photoinhibited leaves
We measured initial (the activity immediately measured upon extraction), total (the activity following pre-incubation with CO 2 and Mg
2+
) and maximal (the activity following treatment with SO 4 2-) activities of Rubisco in photoinhibited leaves. Fig. 6 shows the relationships between the activation state (initial/total activities of Rubisco) and the initial, total and maximal activities of Rubisco vs. F v /F m . As F v /F m decreased, the activation state of Rubisco remained almost constant (Fig. 6A) . The slope of decrease in the initial activity of Rubisco and the slope of decrease in the total activity of Rubisco were not significantly different (P <0.05). Although the initial and total activities of Rubisco decreased, the maximal activity of Rubisco remained almost constant (Fig. 6B) . This means that the potential activity of Rubisco is independent of photoinhibition under low temperature.
Limiting factor(s) for the decrease in CO 2 assimilation rate in photoinhibited leaves Fig. 7 shows the relationships between the relative values of initial activity of Rubisco and CO 2 assimilation rates at 100 Pa CO 2 vs. F v /F m , and the relationships between the relative values of ΦPSII and CO 2 assimilation rates at 100 Pa CO 2 vs. F v /F m . The slope of decrease in the initial activity of Rubisco was significantly smaller than that of the CO 2 assimilation rates (P <0.05, Fig. 7A ). This result indicates that the decrease in CO 2 assimilation with decreasing F v /F m was not caused by the decrease in Rubisco activity. On the other hand, the slope of decrease in ΦPSII and that of CO 2 assimilation rates were not significantly different (P <0.05), and both ΦPSII and CO 2 assimilation rates were highly correlated with F v /F m (Fig. 7B ). Since CO 2 assimilation at 100 Pa CO 2 is limited by the capacity for RuBP regeneration (Farquhar et al. 1980 ), these results indicate that the decrease in the rate of the linear electron transport led to a decrease in RuBP regeneration which resulted in the decrease in CO 2 assimilation.
Discussion
Although the initial and total activities of Rubisco decreased (Fig. 6B) , the decrease in CO 2 assimilation with decreasing F v /F m was not caused by the decrease in Rubisco activity (Fig. 7A) . The decreases in ΦPSII and CO 2 assimilation were most highly correlated with F v /F m (Fig. 7B) . According to the photosynthetic model of Farquhar et al. (1980) , the decrease in the capacity for electron transport due to the decrease in ΦPSII may lead to a decrease in the capacity for RuBP regeneration. In fact, Sage et al. (1990) reported that low temperature strongly affects the rate of RuBP regeneration, which is limited by electron transport capacity and/or Pi regeneration capacity. On the other hand, decreases in the activities of FBPase and SBPase, which are involved in RuBP regeneration, were observed in the low temperature treatment of tomato plants (Sassenrath et al. 1990 ). The inactivation of these enzymes is considered to be caused by a change in the redox state of stroma (Hutchison et al. 2000) . Since FBPase and SBPase are activated by the linking of electron transport through ferredoxin, ferredoxin-thioredoxin reductase and thioredoxin (Buchanan 1980) , it is possible that the decrease in the capacity for electron transport leads to a decrease in the activation of FBPase and SBPase which results in the decline in RuBP regeneration capacity. We thus conclude that the decrease in the rate of the linear electron transport by photoinhibition led to a decrease in the capacity for RuBP regeneration which resulted in the decrease in CO 2 assimilation. Since photosynthesis at low CO 2 partial pressures is not limited by the capacity of electron transport (Farquhar et al. 1980) , it was expected that the loss of F v /F m does not necessarily affect the CO 2 assimilation rate at 10 Pa CO 2 . However, we found a linear relationship between CO 2 assimilation at 10 Pa CO 2 and F v /F m (Fig. 2) . Hikosaka et al. (2004) reported that the absorption of incident light in active PSII was decreased by increasing inactive PSII complexes in photoinhibited leaves. Therefore, it is possible that the CO 2 assimilation rate at 10 Pa CO 2 in photoinhibited leaves was limited by light absorption. This implies that the biochemical model of photosynthesis cannot account for photosynthesis in photoinhibited leaves. Byrd et al. (1995) reported that the activation state of Rubisco decreased in tomato leaves while the total activity of Rubisco remained constant when leaves were exposed to low temperature. Our results indicated that the total activity of Rubisco decreased (Fig. 6) . A decrease in total activity of Rubisco was also reported by Brüggemann et al. (1992) when tomato leaves were exposed to low temperature for 2 weeks. Since this decrease was irreversible, they discussed the possibility of protein breakdown. When leaves are exposed to several environmental stresses, reactive oxygen species such as superoxide, hydrogen peroxide and hydroxyl radicals are generated in chloroplasts (Bowler et al. 1992 , Asada 1999 . Ishida et al. (1997) reported that Rubisco is irreversibly fragmented by hydroxyl radicals when chloroplast lysate from wheat is illuminated at low temperature. However, since our results indicated that the maximal activity of Rubisco remained almost constant (Fig. 6B) , the decrease in the total activities of Rubisco may not have resulted from fragmentation by reactive oxygen species. Although the reason is unclear, one possible cause is the binding of some sugar-phosphates to the catalytic site of Rubisco. Parry and his colleagues reported the possibility that Rubisco in water-stressed leaves is protected by blockage of the catalytic site with sugar-phosphates (Medrano et al. 1997 , Parry et al. 2002 . Actually, the fragmentation of Rubisco by hydroxyl radicals is suppressed by the binding of RuBP or 2-carboxyarabinitol-1,5-bisphosphate, a reaction intermediate analog of the carboxylation reaction of the enzyme (Ishida et al. 1999) . Thus, although the binding of sugar-phosphates leads to a decrease in Rubisco activity, it is possible that such binding prevents Rubisco from fragmentation in photoinhibited rice leaves under conditions of low temperature. We used two different methods for calculating the electron flow in PSI, ΦPSI and J PSI . When F v /F m decreased, ΦPSI decreased (Fig. 3B) . However, the decrease in ΦPSI was smaller than that in ΦPSII. Since ∆Amax remained almost constant irrespective of photoinhibitory treatments (data not shown), the reaction centers of PSI may have not been damaged. The decrease in ΦPSI was caused by the decrease in ∆Asat. These results indicate that PSI efficiency was maintained relative to that of PSII (Fig. 4) . On the other hand, J PSI remained almost constant while F v /F m decreased (Fig. 3D) . The parameter, k/∆Amax also remained constant (Fig. 3C ). Since this parameter represents the initial rate of P700 + reduction upon a rapid light-dark transition, these results indicates that the rate of electron transport from plastocyanine to P700 + was not affected by the decrease in ΦPSII, and that the potential activity of PSI turnover was independent of photoinhibition of PSII. From both these results, we consider that the cyclic electron transport around PSI occurred in photoinhibited leaves with decreasing F v /F m . Moreover, (A + Z)/(V + A + Z) increased (Fig. 5) . This phenomenon may have been caused by the pH gradient due to the operation of the cyclic electron transport around PSI. However, although the cyclic electron transport was additionally stimulated at 10 Pa CO 2 , this did not affect the de-epoxidation state of xanthophyll cycle pigments (Fig. 5) . The reason for this discrepancy is not known, but the leakage of protons through the thylakoid membrane might have occurred under the conditions of lower CO 2 .
According to previous findings, the cyclic electron transport around PSI occurs under conditions of low CO 2 (Cornic et al. 2000) , low temperature (Clarke and Johnson 2001, Miyake et al. 2004 ) and drought (Golding and Johnson 2003) . In addition, this electron transport was also observed for the rbcS antisense rice with suppressed CO 2 assimilation (Makino et al. 2002) . The above-cited studies indicated that the physiological significance of the cyclic electron transport is its enhancement of thermal dissipation by generation of a pH gradient across the thylakoid when the CO 2 assimilation rate decreases. Our results confirm that the cyclic electron flow around PSI also occurs under low CO 2 partial pressures (Fig. 4) . In addition, our results show that it occurs not only when the CO 2 assimilation rate is suppressed, but also when ΦPSII is decreased by photoinhibition. In photoinhibited leaves, however, whereas the cyclic electron transport was driven, F v /F m -F v ′/F m ′ decreased (Fig. 5) . The reason for this phenomenon is not known. A decrease in F v /F m -F v ′/F m ′ with decreasing F v /F m was also reported by Hikosaka et al. (2004) . They considered that inactivating PSII complexes by photoinhibition leads to a decreased energy partitioning to active PSII and consequently the absorption of light decreases (Hikosaka et al. 2004) . The decrease in thermal dissipation in photoinhibited leaves might have been simply related to this decrease in the light absorption.
Materials and Methods

Plant materials
Rice (Oryza sativa L. cv Notohikari) plants were grown hydroponically in an environmentally controlled growth chamber (Makino et al. 1994) . The chamber was maintained with a 14 h photoperiod, 25/ 20°C day/night temperature, 60% relative humidity and a photosynthetic photon flux density (PPFD) of 1,000 µmol quanta m -2 s -1 during the photoperiod. The basal nutrient solution was as described by Makino et al. (1988) except that 2 mM NH 4 NO 3 was used instead of 1 mM NH 4 NO 3 . Fully expanded leaves of 60-to 80-day-old plants were used for the experiments. 
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The low temperature and high irradiance treatment Leaves were treated with a leaf temperature of 15°C, a PPFD of 1,500 µmol quanta m -2 s -1 and 60% relative humidity for various times (0-300 min) in a temperature-controlled chamber as previously described in Makino et al. (1988) . After irradiation, the leaves were kept in the dark for 30 min before commencement of the measurements, and then the initial and the maximal fluorescence yields (F 0 and F m ) were measured. The maximal quantum efficiency of PSII was determined as F v /F m , where F v is the difference between F 0 and F m .
Chl fluorescence, P700
+ absorbance and gas exchange measurements
Chl fluorescence, P700 + absorbance and gas exchange were measured simultaneously with a modified portable gas exchange system (LI-6400, Li-Cor, Lincoln, NE, USA) fitted with an optical fiber which had been linked to a Chl fluorometer (Mini-PAM, Waltz, Effeltrich, Germany) and a PAM101 fluorometer in combination with an ED-P700DW emitter-detector unit (Walz). The optical fiber was also linked to a far-red light source (102-FR, Walz) and a saturation pulse light source (FL-103/E, Walz). Actinic light was provided by a halogen lamp equipped with an electronic shutter (PCS-HRX, Nippon PI, Tokyo, Japan), the shutter being activated by a custom-made shutter controller. The shutter has a close time of 1.5 ms. Transient changes in absorbance of P700 + on a millisecond time scale were captured with a data acquisition board (PCI-6013, National Instruments, Austin, TX, USA). The partial pressure of CO 2 was controlled at 10.0 ± 0.5, 36.0 ± 0.5 or 100 ± 0.5 Pa in the chamber. Irradiance was adjusted to a PPFD of 1,500 µmol quanta m -2 s -1 at the position of the leaf in the chamber. Leaf temperature was maintained at 25.0 ± 0.5°C.
After gas exchange had reached the steady-state rate, the steadystate and the maximal Chl fluorescence yields (F and F m ′) and the absorbance changes [∆Asat (mV)] were determined by applying a saturation pulse (10,000 µmol quanta m -2 s -1 ). The kinetics and the degree of P700 + re-reduction following a light-dark transition were then measured. Changes in P700
+ absorbance by 100 ms darkness by closing of the shutter were recorded. This 'dark pulse' was repeated, at 10 s intervals, to give an average signal of five accumulations. Thus, the product of the signal size following a light-dark transition [∆Aact (mV)] and the rate constant for the decay of P700 + absorbance [k (mV/ s)] were taken as an estimate of the rate of electron transport through PSI. After the actinic light was turned off, the maximal oxidation of P700 [∆Amax (mV)] was determined by applying a far-red light. The signal changes induced by dark pulses were normalized by ∆Amax. The quantum efficiency of PSI (ΦPSI) was calculated as ∆Asat/ ∆Amax according to Klughammer and Schreiber (1994) . The relative rate of electron transport through PSI (J PSI ) was calculated as k×∆Aact/ ∆Amax according to Clarke and Johnson (2001) .
Gas exchange parameters were determined according to von Caemmerer and Farquhar (1981) . The quantum efficiency of PSII (ΦPSII) was calculated as (F m ′ -F)/F m ′ according to Genty et al. (1989) .
Analysis of carotenoids and Rubisco activity
After gas exchange had reached the steady-state rate, the leaf in the chamber was cut and immediately frozen in liquid N 2 . The leaf sample was stored at -80°C and used for the analysis of carotenoid and Rubisco activity. The carotenoid contents were determined as described by Ushio et al. (2003) . The initial and total activities of Rubisco were measured by the method of Nakano et al. (2000) , and the maximal activity was determined according to Parry et al. (1997) by incubating the enzyme extract with 250 mM Na 2 SO 4 for 30 min on ice prior to desalting with an Econo-Pac 10DG column (BIO-RAD, Hercules, CA, USA). The total and maximal activities were measured after incubation for 5 min with 20 mM NaHCO 3 and 20 mM MgCl 2 at 25°C. The amounts of Rubisco protein were determined as described by Makino et al. (1994) .
